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Abstract and especially post-mature (i.e. old growth) forests
~Iature and post-mature stands may be under-repre- (Morrison, 1988; Norse, i990). Conservation advocates
sented in many modern forest landscapes as a result of believe that the extent of old growth forests has been
preferential harvest of these age classes. It is #nportant reduced by harvest activities to the point where many
for land managers concerned with protecting bioh~gical species are jeopardized. However, land management
diversity to know the approx#nate proportion of ohl agencies and private timber interests often argue that
growth in forest [andscapes prior to European &terfer- the present inventory of old growth is similar to preset-
ence. Negative exponential models, based on mean stand- tlement levels, and conservation is unnecessary (USDA
rephw#tg fire intervals taken from fire history studies. Forest Service, 19923.
were used to estimate presetth, ment stand-age dislribu- Unfortunately, knowledge of forest age structure
tionsfor three areas in northwest Montana. Results were prior to European disturbance is often difficult to obtain.
compared with empirical distributions calculated from in some cases this infortnation can be obtained from
stand maps prepared in 1937-38. prior to s~gniJicant t#n- historical documentation. However, quantifiable histor-
bet harvest and effective ,/ire suppression. The models ical information is not available for many areas of
~redicted the observed proportion o./" 1937-38 ohl growth western North America. In these cases a method for
(> 200 years) within 10% but were poor at predicting estimating the proportion of old forests on the preset-
proportions in 20-year age classes. These results suggest tlement landscape would be useful to those managing
that negative exponenthd models based on empiri- land for biological diversity.
calh’ determined estimates o./’fire interval can be used Historically, fire has been an integral part of forest
to ohtah~ approximate estimates q[" preselllemenl ohl ecosystems in the Northern Rocky Mountains and was
growth ~" local fire history studies have been done. certainly the most i~nportant disturbance structuring
Results of this study and numerous jire-history stttdies these systems prior to European settlement (Wellner,
suggest that old growth’occupied 20-50% of many pre- 1970; Arno, 1980; Habeck & Mutch, 19833. Fire regime
settlement forest ecosystems in the Northern Rockies. wz~s the principal factor determining the mosaic of diff-
Copyright © 1996 Elsevier Science Ltd ercnt stand ages across the landscape. At low eleva-

Uons, drier laabitats experienced frequent non-lethal
Ket’word~: Montana, old growth; fire history models, fires, while moist sites were more likely to have had
forest conservation, infrequent stand-replacing fires. At higher elevations,

cool slopes experienced infrequent lethal fires, while

INTRODUCTION warmer slopes experienced a mixture of more frequent
stand-replacing and non-lethal fires (Barrett & Arno,

One goal of modern forestry is to use ecological princi- 19913. Forest habitats with infrequent stand-replacing
pies to manage forest lands for both commodity pro- fires would have supported greater proportions of
duction and the conservation of species diversity mature and old-growth forests.
(Norse et al., 1986; Hansen et al., 19913. In order to There have been several attempts to model the rela-
attain this goal it is necessary to have forests with all tionship between fire interval and age-class distribution
successional stages in quantities and spatial arrays like mathematically. Van Wagner (1978) proposed the neg-
those to which resident organisms are adapted (Harris, ative exponential distribution as an approximation to
1984; Bunnell, 19953. During the past decade attention this relationship. The Weibull model takes changing.
a western North America ha~ been focused on mature flammability with stand age into account and has been

considered by some to be more ecologically realistic
Correspondence to: P. Lesica, Tel.: 406-728-8740: Fax: 406- (Johnson, 1979: Yarie, 19813. These models have been
243-4184. shown to fit fire frequency data collected in coniferous
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forests from a variety of landscapes throughout boreal ,,
and cordilleran western North America. Although "
Johnson (1979) found that the Weibull model better /,~ ,-’’,GLACIER ~1

!

described fire behavior in northwest Canada, he also
showed that the Weibull model was nearly equivalent NATIONAL \

to the negative exponential model when terrain was
broken, suggesting that the negative exponential model ~
is appropriate for the Northern Rocky Mountains. ~ PARK

Rowe et al. (1975) found that the Weibull model fit
their data from northwest Canada better than the nega-
tive exponential model. However, McCune (1983) and " "
Johnson and Larsen (1991), working in the more
mountainous terrain of western Montana and west-cen- ,
tral Alberta respectively, determined that the negative
exponential model fit their data well, and Yarie (1981)
found that the two models fit most of his data from ’-,
Alaska equally well. The majority of studies from simi- -
lar landscapes suggest the negative exponential model ~,~ ’.,
provides a good approximation for fire behavior in
mesic forests of the Northern Rocky Mountains. Maxi-
mum likelihood estimates for negative exponential and
Weibull distributions for my data were very similar.

Even though they make many simplifying assump- ~
tions, Van Wagner (1978) p]’oposed that negative expo-

~,,,,~
nential models can be used to estimate presettlement
stand-age distribution as well as the expected propor-
tion of forest in particular age classes given mean Fig. 1. Location of study sites in northwest Montana: (HH)
stand-replacing fire interval and that certain assump- Hungry Horse, (NF) North Fork, (SV) Swan Valley.
tions are met. Thus, a simple equation relates the pro-
portion of old forests to the mean stand-replacing fire
interval. However, Baker (1989) argued that estimates Fischer & Bradley, 1987) and were assigned accords.
of mean fire frequency cannot be used to this end to Fischer and Bradley (1987). Only stands classified 
because fire intervals are too variable, the dominant fire group for that study area were

The purpose of this study is to use empirical esti- included in the analyses.
mates of stand-replacing fire intervals to test predic-
tions of proportions of old growth (defined solely on Hungry Horse
the basis of age) derived from simple fire history mod- The moist lower subalpine fire group is dominant with
els. This comparison can be made in northwest Mon- Abies lasiocarpa as the climax species in most stands,
tana because both historical data and estimates of and Larix occidentalis, Pinus contorta and Pseudotsuga
pre-interference fire frequency are available. The US menziesii as the most common seral species. The analy-
Forest Service conducted timber inventories of forested sis area was 18,515 i~a, and 1065-1890 m elevation.
lands in western Montana from 1937 to 1943. These Mean stand-replacing fire interval before 1910 at the
inventories can be used to determine the distribution of north end of the study area was 121 years below 1650
stand ages at a time before significant timber harvest m (Davis, 1980).
and effective fire suppression. Fire history studies have
been conducted in western Montana, and estimates of North Fork
mean stand-replacing fire intervals are available for Dominant fire group and species composition are simi-
some areas (Arno, 1980). lar to those at Hungry Horse. Analysis area was 28,090

ha and 1220"1890 m in elevation. Barrett et aL (1991)

MATERIALS AND METHODS
conducted a fire history study along the North Fork of
the Flathead River in Glacier National Park 1 km east

Study areas of this area and estimated mean stand-replacing fire
Each study area consisted of six townships (56,000 ha) interval to be 186 years prior to 1935.
and was adjacent to or included the site of a previous
study that provided an estimate of mean stand-replac- Swan Valley
ing fire interval (Fig. 1). Forests with similar site poten- The moist grand fir/western redcedar fire group domin,
tial, successional patterns and fire disturbance regimes the valley floor at 975-1400 m with Abies grandis and
are called ’fire groups’ (Fischer & Clayton, 1983; Thuja plicata as the climax species, and Larix occidentalis,
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Pinus monticola and Pseudotsuga menziesii the most by examining fire scars and cohort regeneration on a
common seral species. The analysis area was 19,750 ha. stand basis and preparing master fire chronologies
A study of this fire group in the Middle Fork of the (Davis, 1980; Barrett et al., 1991). Only stands with
Flathead River drainage in Glacier National Park 90 similar fire regimes (i.e. in the same fire group) were
km to the north estimated the mean stand-replacing fire used in the analysis, Estimates of mean stand-replacing
interval prior to 1935 to be 261 years for this tire group fire interval were made before fire suppression became
(Barrett et al., 1991). effective (Arno & Sneck, 1977; Pyne, 1982). Fires, 

perhaps a single fire, occurring in the 1920s initiated
Fire history models 31% of the stands in the Hungry Horse study area
in the negative exponential model the proportion of (Fig. 2), suggesting that the study area may have been
stands reaching a particular age is the random variable, too small (Johnson & Gutsell, 1994). Otherwise no sin-
and the reciprocal of mean fire interval (probability of gle 20-year interval accounted for initiation of more
[ire in a stand) is the only parameter. A lucid discus- than 16% of the stands in any study area (Fig. 2).
sion of the model’s derivation is presented by Van Every township in the study had stands of numerous
Wagner (1978). The cumulative proportion of all different ages. Thus, it is reasonable to assume that the
stands less than or equal to age t is given by size of the study areas was sufficiently large.

F(t) = I - exp (-pt) = I - exp (-t/b) (1) Hungry Horse

where p is the annual probability of lire in any one stand
~o 05 ~ 1937-38 observedand b = I/p is the mean [ire interval (Van Wagner, 1978). o

For example, the % of stands 101-120 years old is "6 0.~ l--’-I ~ode~

Stands., ,_.0 = [cxp (-1011b)- exp (- 1201b)] × I00 
~ o.~

This model assumes that stand flammability is constant o
with age. If fire hazard increases with stand age, then ft. o.,

~ ..~
the model will overestimate the proportion of very old
stands (Van Wagner. 1978).

In order to use mean fire interval models to estimate
average presettlement stand-age distribution, the fol- North Fork
lowing assumptions must be met:

0.,| ..........
(I) Mean fire interval is detern, ined on a point ~ °’~’ I ~-] ~._]-1__1-1

~-’1 L ~

stand basis (Hawkes, 1980: Arno & Petersen, 1983). ~6 0,
(2) Estimates of mean fire interval apply only 

areas with similar fire regimes, topography and histo- = o,~
rics of human-caused fires (Hawkes, 1980: Johnson 
Van Wagner, 1985). ft. 0.,

(3) Mean fire interval must be determined from the oo _.[-] [-1

time predating effective fire suppression.
,~ ....... o

(4) The size of the study area must be large corn- ~ .....

pared to the extent of the largest fire (Johnson & Van .....
;,-.~,,

Wagner, 1985; Baker,. 1989). Johnson and Gutsell

0.~| .......(1994) propose the general rule that study areas 
g 0.~which _> 3Y’/, of the area has been burned by a single

fire are too small. Fire history models provide an esti- ~6 0.4

mate of proportion of stands in each age class. In order g 0.~
to compare the predictions of the models with the ~o o2~- ~ ] ~
observed areal data and to esti~nate the proportion of.
forested landscape in old-growth condition, it is neces2

ft. 0~

O0sary to assume that the proportions of stands and area
are equivalent (W. Baker, pers. comm.), i.e. the size
distributions within the different age classes must bc
similar. This assumption becomes more reasonable as Age ¢Iosses
the number of stands in each class becomes larger. Fig. 2. Age class distribution of forest stands for three study
Thus. larger study areas and/or broader age classes will areas in northwest Montana determined from (I) 1937-38
yield more robust results, stand exam maps (filled bars) and (2) mean fire frequency

models (open bars). Distributions appear bimodal or skewed
With one exception, my study met the assumptions to the left rather than skewed to the right because the two

of the fire history models. Fire interval was determined oldest age classes encompass more than 20 years.
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Historical data most likely due to the large variance in the size and fre-
I compared results derived from negative exponential quency of fires co/npared to the size of the age classes.

models with empii’ical data from stand maps prepared Fire hazard in the Northern Rocky Mountains is not
in 1937-38. Age of the cohort having the greatest basal constant over short periods but can vary on the sc~
area was determined from increment cores taken by of decades due to prolonged periods of drought ,
surveyors. Stand boundaries were delineated on the cool. wet weather. As a result, some 20-year age classes
ground, with the aid of aerial photography (Hart are large due to extreme fire years, while others are
Lesica, 1994). Stands were placed in 20-year age classes small as a result of long fire-free periods. A mod.el
up to 160 years and then 160-200 years and 200+ based on a single mean fire interval derived from
years. Forests above 2130 m were generally considered 300-500 years of fires will not be robust at predicting
non-commercial and were not examined. Stands were point-in-time distributions when small age classes are
delineated on 1:31,700 maps (USFS, 1937-43). used (Baker, 1989). Estimates of mean stand-replacing

Hart and Lesica (1994) assessed the degree of con- fire intervals were taken from study areas close to my
gruency between these early age estimates and those study areas, but the lack of exact geographical corre-
from stand exams made during the last decade. They spondence could introduce errors into estimates
found that 52% of the early estimates were within 20 obtained from the fire history models. Estimates of
years of the modern estimates, and less than 27’¼, mean fire interval obtained without random sampling
showed discrepancies of greater than 60 years. There of fire-scarred trees may be biased (Johnson & Gutsell,
was no bias toward either older or younger estimates, 1994); however, there is no reason to suspect any sys-
and the distribution of discrepancies was symmetric tematic bias in the data collection (S. Barrett, pers.
about zero. Thus, when a large number of stands are comm.). In some areas fire cycles have changed in the
considered, the distribution of age classes should be 200-400 years preceding fire suppression (reviewed in
reasonably accurate. Discrepancies may be the result of Johnson, 1992). If the change in fire frequency was
errors in either the early or modern exams or differ- large, models based on mean fire interval for the whole
ences in how stand age was determined for the two period could not accurately predict age-class distribu-
data sets. Although far from perfect, these early maps tion for a single point in time.
provide the best one-point-in-time estimates of stand . The 200+ class encompasses c. 200 years, an order of
age distribution previous to timber harvest and fire magnitude larger than the other classes. This is
suppression available for western Montana. undoubtedly the reason for the increased accuracy or

For each study area the dominant fire group was area predictions for this class. Using large age-clas
used to obtain the estimate of mean stand-replacing fire reduces the effect of the variance associated with i~
interval. All stands in that tire group were located size and frequency. Larger study areas would likely
using 1:24,000 stand maps based on surveys conducted have increased the accuracy of the estimates, especially
by the US Forest Service. Montana Departmc,~t of in the Hungry Horse area.
State Lands and Plum Creek. Thus, the fire regime of One explanation for the consistent underestimates in
the lands I mapped was similar to that on which the old classes is that the negative exponential model
fire frequency estimate was based. Areas were calcu- assumes a constant hazard of fire, but old stands are
lated for each age class using 1:2.4 ha dot grids, less prone to stand-replacing fire than young and mod-

erate-age stands (Van Wagner, 1977). The underesti-

RESULTS
mates may also result from some stand-replacing fires
failing to kill all of the trees in the stand, especially fire-

Stand-age distributions, using 20-year classes derived resistant species such as western larch (Barrett et al.,
from mean fire interval models, were significantly dill- 1991). If enough larch survived, 1937-38 timber survey-
erent than from distributions derived from 1937-38 ors may occasionally have recorded the survivors as the
data (Fig. 2: Kolmogorov-Smirnov test, p < 0.01). The dominant cohort.
models underestimated proportions in the two oldest
age classes in five of six cases (Fig. 2). Implications for conservation

Although the mean fire interval models predicted Negative exponential fire history models can be useful
individual 20-year age classes poorly for the 1937-38 for estimating approximate proportions of old growth
data, predictions for the 200+ class were relatively in presettlement forest landscapes where, fire is the
accurate (Fig. 2): model predictions of old growth pro- dominant force controlling stand replacement. In the
portions were all within 6-10% of observed proportions. Northern Rocky Mountains, mean stand-replacing fire

frequency is variable even within the same fire group

DISCUSSION
(Table 1; Arno, 1980). Thus, it is important to us,~

localized fire history data to estimate the mean sta
Model performance replacing fire interval. Such studies can provide m~.
There are a number of possible reasons for the models’ agers with information useful for setting guidelines for
failure to predict observed distributions. The poor fit is the conservation of old growth in many forest landscapes.
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Table 1. Mean stand-replacing fire intervals and estimated % of presettlement old growth (>200 years old) forest (OG) in different
fire groups (Fischer & Bradley, 1987) in the Northern Rocky Mountains of northern Idahfi (ID) and western Montana 

% old growth was derived using negative exponential models computed from mean fire interval (eqn 2).

Fire group Location Elevation (m) Source Meanfire OG
interval %

Warm dry Douglas fir ID 550-1615 Barrett & Arno (1991) >200 >37Moist Douglas fir MT 1100-1575 Barrett et al. (1991) 186 34Dry lower subalpine MT 1800-1910 Davis (1980) > 146 >25Cool Iodgepole pine ID 1615-2285 Barrett & Arno (1991) 117 18Moist lower subalpine MT 1000- I 140 Davis (1980) > 117 > 18Moist lower subalpine MT 1200-1650 Davis (1980) 121 19Moist lower subalpine MT 1575--I 800 Davis (1980) 146 25Moist lower subalpine I D 1430-130 Arno & Davis (1980) > 150 >26Moist lower subatpine ID 1525-1980 Barrett & Arno ( 1991 174 32Moist lower subalpine MT 1200-1575 Barrett et aL ( 1991 186 34Moist lower subalpine MT 1220-1830 Barrett et al. ( 1991) 202 37Grand fir/cedar-hemlock NIT 1260-1400 McCune (1983) 63 4Grand fir/cedar-hemlock ID 760-1525 Arno & Davis 11980) 100 14Grand fir/cedar-hemlock i D 1280-1830 Barrett & Arno ( 199 I) I 19 19Grand fir/cedar-hemlock [D 550-1280 Barrett & Arno (1991) 197 36Grand fir/cedar-hemlock I D 760-1065 Arno & Davis (1980) >200 >37Grand lir/cedar-hemlock MT 975-1525 Barrett et al. ( 1991 261 46

There is evidence that native vertebrate fitunas are increased the chance of stand-replacing fires in many
adapted to particular fire regimes and stand age distri- remaining old-growth stands. Furthermore, low-eleva-
butions (Bunnell, 1995). Furthermore, many species tion habitats undoubtedly support a much smaller pro-
plants and animals require or find optimum habitat in portion of old growth than before European
old-growth forests of the Northern Rocky Mountains settlement. All seral stages provide critical habitat to
(McClelland, 1979: Hejl & Wood, 1991: Lesica et al., some plants and animals (Hansen et al., 1991). Perhaps
1991). Although old growth is often defined by struc- ~he best prescription for maintaining biological diver-
tural as well as age characteristics (Old Growth Defini- sity and sustainable ecosystems is to imitate as closely
tion Task Force, 1986), stand age is strongly correlated as possible the natural stand age distribution (Bunnell,
with structural characters as well as the occurrence of 1995). Although the method presented here cannot be
many animal species (Franklin et aL, 1981: Norse. used to estimate accurately presettlement stand age dis-
1990). Theory and empirical studies predict that many tribution, it can help guide managers in protecting ade-
species will have difficulty maintaining genetically and quate amounts of old growth.
demographically viable populations in a greatly reduced
habitat base (Harris, 1984: Gilpin & Soul6, 1986:
Wilcove, 1987: Gilpin, 1988: Doak, 1989). ACKNOWLEDGEMENTS
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